Adult Leydig cells develop from undifferentiated mesenchymal-like stem cells (stem Leydig cells, SLCs) present in the interstitial compartment of the early postnatal testis. Putative SLCs also have been identified in peritubular and perivascular locations of the adult testis. The latter cells, which normally are quiescent, are capable of regenerating new Leydig cells upon the loss of the adult cells. Recent studies have identified several protein markers to identify these cells, including nestin, PDGFRa, COUP-TFII, CD51 and CD90. We have shown that the proliferation of the SLCs is stimulated by DHH, FGF2, PDGFBB, activin and PDGFAA. Suppression of proliferation occurred with TGFb, androgen and PKA signaling. The differentiation of the SLCs into testosterone-producing Leydig cells was found to be regulated positively by DHH (Desert hedgehog), lithium-induced signaling and activin; and negatively by TGFb, PDGFBB, FGF2, Notch and Wnt signaling. DHH, by itself, was found to induce SLC differentiation into LH-responsive steroidogenic cells, suggesting that DHH plays a critical role in the commitment of SLC into the Leydig lineage. These studies, taken together, address the function and regulation of low turnover stem cells in a complex, adult organ, and also have potential application to the treatment of androgen deficiency.
Introduction
Testosterone, produced by the Leydig cells of the mammalian testis, is essential for the development of the male reproductive system and for maintenance of male reproductive function throughout life (Nef and Parada, 2000; Smith and Walker, 2014) . Testosterone deficiency in the adult contributes to symptoms that include increased body fat and fatigue, and decreased muscle mass, cognitive function and immune response (Malkin et al., 2004; Snyder, 2008; McHenry, 2012; Bobjer et al., 2013; Huhtaniemi, 2014) . It is now recognized that adult Leydig cells ultimately derive from stem cells (referred to herein as stem Leydig cells or SLCs). Progress has been made in the last decade to advance our understanding of the regulation of the proliferation and differentiation of the SLCs in both the neonatal and adult testes. The works summarized in this review are based primary on the rodents. Their relevancies to human have been reviewed elsewhere recently (Teerds and Huhtaniemi, 2015) .
Stem Leydig cells in prepubertal and adult testes

Adult Leydig cell formation
In the rat, the adult Leydig cells (ALCs) have been shown to develop from SLCs that are present in the prepubertal testis. Four distinct stages of ALC development have been described: SLCs, progenitor Leydig cells (PLCs), immature Leydig cells (ILCs), and ALCs. These stages are common to both the postnatal development of ALCs, and to ALC restoration in Leydig cell-depleted adult testes (Chen et al., 2010) .
SLCs
SLCs were originally identified as spindle-shaped, plateletderived growth factor receptor alpha (PDGFRa)-positive cells in the peritubular regions of postnatal day 7 (PND 7) rat testes (Ge et al., 2006) . SLCs also are reported to surround the vasculature in the interstitial compartment of the testis (Haider and Servos, 1998; Davidoff et al., 2004 Davidoff et al., , 2009 ). Hardy and colleagues isolated putative SLCs by immuno-selecting for luteinizing hormone receptor (LHR)-negative, PDGFRa-positive cells in the PND 7 rat testis. Over 99% of the cells thus selected were found to be 3b-hydroxysteroid dehydrogenase (3b-HSD or HSD3B1)-negative, LHR-negative, and PDGFRa-positive. When cultured in growth factor-containing expansion medium, the cells maintained a stable 3bHSD À /LHR À / PDGFRa þ phenotype for more than 6 months. However, when switched to differentiation medium containing PDGF-BB, LH, thyroid hormone and IGF-1, the cells expressed the Leydig cell steroidogenic enzymes cholesterol side-chain cleavage (P450scc or CYP11A1), 3b-HSD, 17a-hydroxylase (P450c17 or CYP17A1), and also LHR and steroidogenic acute regulatory protein (StAR), and began to produce testosterone (Ge et al., 2006) .
The ability of the cells to differentiate into Leydig cells was further confirmed in vivo. The isolated putative SLCs were tagged with a fluorescent tracking dye, carboxyfluorescein diacetate, and then injected into the adult rat testis from which Leydig cells had been eliminated by administering the Leydig cell toxin ethane dimethanesulfonate (EDS). Ten days after the cells were injected into the Leydig cell-depleted testes, fluorescently labeled cells were found in the interstitial compartment that had become 3b-HSD positive, indicating that injected cells had begun to differentiate in vivo. These results, taken together, indicated that the 3bHSD À / LHR À /PDGFRa þ cells that were isolated from PND 7 testes indeed were able to become Leydig cells both in vitro and in vivo (Ge et al., 2006) .
PLCs
By PND 21, some of the SLCs were found to have given rise to PLCs. The PLCs retain a spindle shape, but express LHR, 3ahydroxysteroid dehydrogenase (3a-HSD or AKR1C14), and 3b-HSD (HSD3B1) (Haider et al., 1986; Shan et al., 1995) . The proliferation of the PLCs plays an important role in establishing the adult ALC number (Hardy et al., 1989; Siril et al., 2000) . Due to high levels of 5a-reductase and 3a-HSD (AKR1C14), and low levels of 17b-HSD (HSD17B3), androsterone is the major steroid product of the PLCs (Ge and Hardy, 1998) .
ILCs
PLCs proliferate and their progeny continue to differentiate such that by PND 28, the PLCs transform from spindle-shaped to round, contain numerous lipid inclusions, and form a population of ILCs. The number of such cells increases to~13e14 million per testis (Hardy et al., 1989) . During the transformation from PLCs to ILCs, the smooth ER content of the cells expands greatly, conferring an ultrastructure similar to that of ALCs. Concurrent with the expansion of the smooth ER, the levels of 3b-HSD, P450scc, and P450c17 increase (Haider et al., 1986; Dupont et al., 1993; Shan et al., 1993) , and the cells develop an increased capacity for testosterone production (Zirkin and Ewing, 1987) . Due to the presence of testosterone metabolizing enzymes 3a-HSD and 5a-reductase, the ILCs primarily produce the testosterone metabolite 5a-androstane-3a, 17b-diol (3a-diol), not testosterone.
ALCs
ILCs, once formed, typically divide only once between days 28 and day 56 to form the adult population of 25 million ALCs per testis (Benton et al., 1995) . ALCs do not normally proliferate (Keeney et al., 1988; Teerds et al., 1989) , but are capable of being regenerated if the original ALC population is eliminated experimentally (Kerr et al., 1987; Sharpe et al., 1990) . The nuclei of ALCs are large and round, with condensed euchromatin and one or two nucleoli. Compared to ILCs, the ALCs have a greater abundance of smooth ER and are largely devoid of lipid inclusions (Zirkin and Ewing, 1987) .
The activities of androgen metabolizing enzymes decline as ALCs form (Inano and Tamaoki, 1966; Steinberger and Fischer, 1969; Murono, 1989) . The cells express LHR and the steroidogenic enzymes 3b-HSD, 3a-HSD, and 17b-HSD. By postnatal day 30 and thereafter, the cells also express 11b-HSD type 1 (Haider et al., 1986; Hardy et al., 1989; Dupont et al., 1993; Neumann et al., 1993; Ge et al., 1997; Mendis-Handagama and Ariyaratne, 2001) . The decrease in androgen metabolism and continued increase in levels of testosterone biosynthetic enzymes culminate in the predominance of testosterone over 5a-reduced products in the ALCs. In Leydig cells from 90 day-old adults, testosterone production is 150 times greater than that by PLCs at 21 days of age, and five times greater than that by ILCs at 35 days of age (Shan et al., 1993) .
Identity and location of stem Leydig cells in the adult testis
The normal formation of ALCs in the prepubertal testis and the regeneration of ALCs in the adult testis appear to be similar (Teerds and Rijntjes, 2007; Chen et al., 2010) with ALCs in both cases apparently deriving from SLCs. Early morphological studies of EDStreated rats suggested that the Leydig cells restored to the adult testis may arise from fibroblasts, lymphatic endothelial cells, and/or pericytes Kerr et al., 1987) . Subsequent studies reported that there are spindle-shaped cells in perivascular and peritubular locations in the interstitial compartment involved in ALC development (Haider et al., 1995; Ariyaratne et al., 2003; Davidoff et al., 2004 Davidoff et al., , 2009 ). There are studies suggesting that cells located along the outer surface of the seminiferous tubules (peritubular cells) are the precursor cells to Leydig cell regeneration after EDS (O'Shaughnessy et al., 2008; Stanley et al., 2012; Li et al., 2016) , while other studies have suggested that the predominant cells involved are those associated with testicular blood vessels, namely vascular smooth muscle cells and pericytes (Davidoff et al., 2004 (Davidoff et al., , 2009 ). The relative contributions of cells from these different locations to the establishment of the ALC population remain uncertain.
The peritubular origin hypothesis, which is consistent with the studies of normal Leydig cell development during the prepubertal period (Haider et al., 1995; Russell et al., 1995; Ariyaratne and Mendis-Handagama, 2000; Ge et al., 2006) , suggests that Leydig cells differentiate during postnatal days 10e15 from fibroblast-like cells of the multi-layered tubule wall, and that the products (PLCs or ILCs) move to areas within the interstitial compartment where they continue to divide and differentiate to achieve the final population of ALCs (Russell et al., 1995) . But there are studies indicating that Leydig cells differentiate from perivascular smooth muscle cells, pericytes or even vascular endothelial cells (Haider and Servos, 1998; Davidoff et al., 2004 Davidoff et al., , 2009 . To examine whether cells from one or both of the intratesticular locations give rise to functional Leydig cells, we established an in vitro system in which the seminiferous tubules and interstitial tissue were physically separated and cultured separately (Stanley et al., 2012; Odeh et al., 2014; Li et al., 2016; Zhang et al., 2013) . No testosterone was detected in the culture medium of either tubules or interstitial tissue during the first 2 weeks of culture. Testosterone began to be produced by cells associated with the tubules after the 2-week period, and increased through 4 weeks ( Fig. 1) . In contrast, testosterone was not found in the culture medium containing interstitial tissue even at 4 weeks ( Fig. 1 ; Stanley et al., 2012) . Examination of the cultured tubules by microscopy revealed that after 2 weeks, cells with the appearance of Leydig cells had appeared on the surfaces of tubules, outside the myoid cell layer. As seen in Fig. 2 , co-staining of the cultured tubules with the Leydig cell marker protein CYP11A1 and myoid cell marker a-SMA confirmed that new Leydig cells (red) had been generated outside the single layer of myoid cells (green; compare A and B) (Li et al., 2016) . Interestingly, this peritubular location of SLCs was also observed in the human testis, suggesting it may be a common phenomenon across different species (Landreh et al., 2014) .
Although functional Leydig cells were not derived from the cultured interstitial tissue, this does not rule out the possibility that the interstitial tissue contains stem cells capable of differentiating. For example, if niche factors from the tubules were required for SLC proliferation and/or differentiation, such factors would not be present in preparations of interstitial tissue cultured in the absence of the tubules. To examine this possibility, we carried out a coculture experiment in which the tubules and interstitial tissues were cultured in separate chambers that allowed a free exchange of paracrine factors between the two tissues . The co-culture of the interstitium with seminiferous tubules resulted in the production of testosterone-producing Leydig cells in the interstitial tissue. The formation of testosterone-producing Leydig cells by seminiferous tubules in the absence of interstitial tissue, and by the interstitial tissue only when paracrine factors were provided by the tubules in co-culture experiments, strongly suggest that the interstitium has precursor cells but lacks critical factors provided by the seminiferous tubules. This emphasizes the uniqueness of the intratesticular environment in the development of Leydig cells, a conclusion that is consistent with previous observations that stem cells from other sources can be induced to form Leydig cells in vivo if transplanted into the interstitial compartment of the testis (Yazawa et al., 2006; Lue et al., 2007; Yang et al., 2015) . The nature of the paracrine factors, and the cells from which they are derived, are not known as yet.
These results are consistent with in vivo observations that cells from both seminiferous tubules and interstitial tissue may contribute to ALC development. Thus, after EDS treatment to eliminate pre-existing Leydig cells, Leydig cell regeneration appears to occur both around the tubules and around blood vessels of germ cell-containing tubules (Haider and Servos, 1998; Yan et al., 2000; Davidoff et al., 2004) . Interestingly, in the case of atrophic tubules (i.e. tubules containing few or no germ cells), most new Leydig cells appear around the tubules (Kerr and Donachie, 1986; O'Leary et al., 1986; Sharpe et al., 1990; O'Shaughnessy et al., 2008) . These observations suggest that the regressed tubules may secrete different factors than tubules with normal complements of germ cells, thereby affecting nearby SLCs differently.
Stem Leydig cell markers
As discussed below, a number of proteins have been shown to be expressed by putative SLCs in the interstitial compartment of prepubertal or adult testes, including nestin, PDGFRa, COUP-TFII (chicken ovalbumin upstream promoter transcription factor-II), CD51 and CD90. Among these, only COUP-TFII has been defined as specific to SLCs by genetic lineage tracing experiments. Cell surface markers can be used to isolate SLCs. Unfortunately, however, few among the cell surface proteins identified as associated with SLCs are SLC-specific. Rather, most are also expressed either by other testicular cells or by more advanced cells in the Leydig lineage. Other surface markers, such as CD51 and CD90, have been tested only in a single species and/or age. Additionally, it remains possible that there may be more than one SLC type that gives rise to ALCs, and these cells may express different surface marker proteins.
Nestin
Nestin is an intermediate filament protein that is expressed in stem/progenitor cells of the developing and adult central and peripheral nervous system (Messam et al., 2000; Liu et al., 2002) , as well as other tissues such as skeletal muscle, skin, and pancreatic islet (Sejersen and Lendahl, 1993; Zulewski et al., 2001; Li et al., 2003) . Nestin also is expressed in putative SLCs in both fetal and adult testes (Davidoff et al., 2004; Jiang et al., 2014) . Following EDS treatment of adults, the nestin of blood vessel smooth muscle cells and pericytes increased, coincident with the time course of Leydig precursor cell proliferation, and later nestin-positive cells on vessel walls expressed the Leydig cell lineage marker CYP11A1 (Davidoff et al., 2004) . At this time, nestin-positive cells also were detected in cells in peritubular locations. The subsequent appearance of Leydig cells was associated with reduced nestin expression. This developmental relationship between Leydig cell maturation and loss of nestin expression also was found in the fetal testis (Ricci et al., 2012) and in the early postnatal testis (Jiang et al., 2014) .
The identification of nestin as a stem Leydig cell marker was reinforced by a recent study which showed nestin promtor-driven GFP expression (Nes-GFPþ) in cells specific to the interstitial compartment (Jiang et al., 2014) . These Nes-GFP þ cells also expressed LIFR (leukemia inhibitory factor receptor) and PDGFRa, but not Leydig cell lineage markers, and were found to be capable of clonogenic self-renewal and extensive proliferation in vitro. Depending upon conditions, the cells were able to differentiate into Leydig cells with the ability to produce testosterone. Moreover, when transplanted into the testes of Leydig cell-disrupted animals, the Nes-GFP þ cells colonized the interstitium and increased testosterone production, thereby accelerating meiotic and postmeiotic germ cell recovery. More than 90% of these Nes-GFP þ cells expressed CD51, suggesting that the latter might be useful for the isolation of SLCs from non-transgenic mice (Jiang et al., 2014) .
Smooth muscle actin/desmin
In addition to expressing neural cell markers, SLCs have been reported to express muscle cell markers including smooth muscle actin (a-SMA) and desmin (Davidoff et al., 2004 (Davidoff et al., , 2009 Stanley et al., 2011; Landreh et al., 2013) . However, the expressions of these proteins were not always observed in putative SLCs (Kilcoyne et al., 2014; Li et al., 2016) , suggesting that cells considered to be SLCs may not always be identified correctly. For example, myoid cells and pericytes, which would express these proteins, may be in close physical proximity to SLCs and therefore mistaken for SLCs.
Thus, it remains uncertain whether a-SMAþ/desmin þ cells localized to perivascular and peritubular locations in the testis can form Leydig cells. Indeed, most recent studies have found that SLCs may not express these smooth muscle proteins (Kilcoyne et al., 2014; Li et al., 2016) . There also may be a number of developmental stages of Leydig cell precursors, and the different markers (nestin, a-SMA, desmin) may be characteristic of different sub-populations of these cells, with nestin in the earlier stages (e.g. SLCs) and a-SMA/desmin in the more advanced stages (e.g. PLCs) (Landreh et al., 2013) .
SF1
It is well known that SF1 (NR5A1) is crucial for the development of gonads and adrenal glands (Luo et al., 1994; Hatano et al., 1996) . In the early developing fetal testis, SF1 expressing cells give rise to both Sertoli and Leydig cells (Barsoum and Yao, 2010; Barsoum et al., 2013) . Deletion of WT1 from adult Sertoli cells resulted in a transdifferentiation of the cells into Leydig-like steroidogenic cells , supporting their common origin. SF1 is important in the development of ALCs; without it, Leydig cell differentiation does not occur (Koskimies et al., 2002; Park et al., 2007; Val et al., 2003) . A number of studies have reported that forced expression of SF1 was sufficient to turn non-steroidogenic cells (mesenchymal, embryonic stem cells) into steroidogenic cells, suggesting that SF1 is necessary, and indeed sufficient, for the development of steroidogenic cells (Yazawa et al., 2006 (Yazawa et al., , 2009 Gondo et al., 2008; Yang et al., 2015) . However, although Leydig cell precursor cells may express SF1 and be important for the formation of Leydig cells, SF1 does not appear to be an appropriate marker to identify/isolate SLCs from the adult testis since its expression is not limited in Leydig cell lineage (Kato et al., 2012) .
PDGFR-a/b
PDGF-AA and PDGF-BB were detected within the testicular cords of the day 20 fetal rat testis, while staining for PDGFRa and PDGFb was seen in cells between the cords (Gnessi et al., 1995) . A similar distribution pattern was observed in the day 5 rat testis, with intense staining for PDGF-AA and PDGF-BB localized within the Sertoli cells and for PDGFRa and PDGFb in gonocytes and peritubular locations. In the adult, however, Leydig cells were found to express both PDGF and receptor. Similar expression profiles were seen in the human testis (Basciani et al., 2002) . These observations suggest that PDGF ligands and receptors may play important roles in the development of Leydig cells. Although the expressions of PDGFRa and PDGFRb are not specific for the Leydig cell lineage, PDGFRa and PDGFRb are expressed in Leydig cell precursor cells from the fetal period through adulthood. Due to their expressions on the cell surface, these proteins have the potential to be used to enrich precursor cells for Leydig cell lineage cells, and thus to isolate the cells. Indeed, PDGFRa has served as a selection marker to purify putative SLCs. It was shown that cells from neonatal and adult testes purified in this way were able to proliferate for months without differentiating, but also could be induced to differentiate into Leydig cells under the appropriate culture conditions (Ge et al., 2006; Stanley et al., 2012; Landreh et al., 2013) .
Although the PDGFRaþ cells isolated from day 7 rat testes had characteristics expected of stem cells and were able to differentiate into Leydig cells, it is possible that the cells in fact represent an intermediate stage between SLCs and PLCs. For example, though the PDGFRaþ cells isolated from day 7 testes were negative for Leydig cell markers (Ge et al., 2006) , soon thereafter they were found to express low levels of steroidogenic proteins (e.g. CYP11A1), and produced some progesterone (Landreh et al., 2013) . Additionally, culturing these cells with cAMP agonist rapidly upregulated the expression of steroidogenic enzymes and increased steroidogenesis in vitro. These results indicated that although the cells did not express LHR, they had developed a cAMP/PKAsteroidogenic enzyme regulatory pathway, and therefore were not entirely uncommitted to a differentiation pathway (Landreh et al., 2013) . Moreover, very few of the COUP-TFII þ stem cells in the fetal testis were found to express PDGFRa, and only some COUP-TFII þ cells in the adult testis after EDS treatment were PDGFRaþ, suggesting that PDGFRaþ cells may represent SLCs that have begun to commit to the Leydig cell lineage (Kilcoyne et al., 2014) . This conclusion is supported by the observation that PDGFRa gene expression was found to increase upon SLC transition to PLCs (Odeh et al., 2014) .
COUP-TFII
COUP-TFII (aka NR2F2) is a nuclear receptor that has been shown to play an important role in mesoderm formation, including the development of blood vessels (Davis et al., 2013; Wu et al., 2016) . Mesenchymal stem cells are multipotent cells with the capacity to give rise to multiple cell types such as adipocytes, osteoblasts, chondrocytes, and myocytes. Although the molecular events responsible for lineage specification and differentiation remain uncertain, COUP-TFII has been shown to be involved (Xie et al., 2011 (Xie et al., , 2013 . Thus, inactivation of COUP-TFII in mesenchymal progenitor cells has been shown to induce osteoblast and myoblast development while impairing adipogenic and chondrogenic programs. Further studies indicated that COUP-TFII functions through the combined modulation of Wnt signaling and PPARg and Sox9 expression (Xie et al., 2011) . Interestingly, these are also important regulators in Leydig cell development, suggesting that COUP-TFII may play a significant role in defining the Leydig cell lineage from stem cells that also have the capacity to differentiate into other cells (Jiang et al., 2014) . Indeed, Qin et al. (2008) showed that the induced knockout of COUP-TFII in prepubertal male mice resulted in failure of adult Leydig cell development, but that its knockout in adult mice, when the adult Leydig cells were fully developed, did not affect the function of the ALCs. These results suggest that COUP-TFII plays an important role in ALC development, but not in the maintenance of fully developed ALCs. Further analysis revealed that Leydig cell differentiation in the prepubertal knockout was arrested at the stem/progenitor cell stage, suggesting that COUP-TFII may affect the differentiation of stem/progenitor cells (Qin et al., 2008) .
COUP-TF-II has been proposed to be a potentially useful marker to identify SLCs/PLCs both in early development and in the adult (Kilcoyne et al., 2014) , in part because it is expressed by these cells across species, including mice, marmoset and human, and because it is not expressed by such testicular cells as macrophages, pericytes, endothelial cells, peritubular myoid cells, fibroblasts or hematopoietic cells. Lineage tracing studies showed that COUP-TFII þ progenitor cells in the fetal mouse testis developed into ALCs in the adult (Kilcoyne et al., 2014) . To date, COUP-TFII is the only SLC/PLC marker to be confirmed as such by lineage tracing. However, whether all Leydig cell progenitors have the capacity to develop into ALCs, and whether there are other COUP-TFII negative progenitor cells that may also contribute to the adult Leydig cell population, remain uncertain.
CD51
As discussed above, nestin was the first identified SLC marker (Davidoff et al., 2004 (Davidoff et al., , 2009 . In a transgenic mouse model, Nes-GFP þ putative SLCs in the neonatal mouse testis were found to have the ability to differentiate into Leydig cells (Jiang et al., 2014) . Further characterization of the SLCs required their purification, and therefore SLC-specific surface proteins needed to be identified. The surface protein CD51 was found to be present in over 90% of Nes-GFP þ cells in the transgenic neonatal mouse testis. Using CD51 as a SLC marker, cells were isolated with properties very similar to those of the Nes-GFP þ cells, including their ability to differentiate into Leydig cells and also into cells of the adipogenic, osteogenic, and chondrogenic lineages. Nes-GFP þ cells were also found to express putative SLC surface proteins in addition to CD51, including P75NTR and PDGFRa. None, however, was as specific for the Nes-GFP þ SLCs as CD51. Whether or not CD51 can be used to isolate SLCs from adult testes or from different species has not yet been reported.
CD90
We and others (Chen et al., 1996; Kerr et al., 1987; Teerds and Rijntjes, 2007) reported that adult rat testes contain stem cells that give rise to ALCs by 8e10 weeks following the elimination of the preexisting ALCs. The process by which the ALCs are restored is similar or identical to the development of ALCs that occurs after birth and through puberty (Teerds and Rijntjes, 2007; Chen et al., 2010) . We identified 15 cell surface proteins whose message levels were highly expressed in SLCs and then turned off at the PLC stage (Stanley et al., 2011; Li et al., 2016) . Four among these (CD90, p75NTR, CD51, and PDGFRa) were tested for their specificity for SLCs. Among these, CD90 localized to cells on the surfaces of the seminiferous tubules (Fig. 3) , which is where the stem cells reside. These cells did not co-stain for the myoid cell protein desmin (Li et al., 2016) . After collagenase treatment of the tubules, the cells obtained were stained for CD90 and sorted by flow cytometry. The CD90 þ cells represented about 0.4% of the total cells. The ability of CD90 þ and CD90 À cells to differentiate into steroidogenic cells was assessed by culturing the cells with LH for 3 weeks plus or minus the Desert hedgehog (DHH) agonist SAG (smoothened agonist). CD90 þ but not CD90 À cells were able to form testosteroneproducing cells in the presence of LH plus SAG. These results indicated that the CD90 þ cells on the tubule surfaces were SLCs that can be induced to differentiate into Leydig cells. It is not yet known whether CD90 expression is a characteristic of SLCs at all ages and in all species.
Stem Leydig cell growth and regulation
Stem Leydig cell niche
Adult stem cells are defined by their capacity to proliferate, selfrenew and generate differentiated, tissue-specific cells throughout an organism's lifetime. Their functions are regulated by extracellular and intracellular signals (Li and Xie, 2005; David, 2006) . The stem cell "niche" refers to a defined anatomic region that regulates stem cell renewal and differentiation, and thus how particular stem cells function in tissue maintenance and repair without becoming depleted (Li and Xie, 2005; David, 2006) . In the rat testis, ALCs, once formed, turn over slowly under normal circumstances, and few die. However, loss of the adult Leydig cell population occurs within 3e4 days in response to treating a rat with a single dose of the alkylating agent EDS. This loss is followed by the repopulation of the testis by testosterone-producing Leydig cells (Molenaar et al., 1986; Kerr et al., 1987; Sharpe et al., 1990) . Previous studies have shown that the new Leydig cells derive from the proliferation and subsequent differentiation of SLCs (Teerds et al., 1990; Myers and Abney, 1991; Gaytan et al., 1992; Miyano et al., 1997; Yan et al., 2000) . As indicated above, some studies have reported that the SLCs reside on the outer surfaces of the seminiferous tubules (O'Shaughnessy et al., 2008; Stanley et al., 2012) , while others have suggested that they also are associated with blood vessels (Davidoff et al., 2004 (Davidoff et al., , 2009 . As yet, little is known about the SLC niche, and in particular about the mechanisms by which SLC quiescence, proliferation and differentiation are regulated.
Sertoli cells are the source of many of the secreted factors that control SLC function (see below), including DHH and PDGF (Gnessi et al., 1995; Szczepny et al., 2006; Huang and Yao, 2010; Clark et al., 2000; Martin, 2016) . Germ cells may also contribute to the niche, either by secreting factors or by modifying Sertoli cell function (Kerr and Donachie, 1986; O'Leary et al., 1986; Sharpe et al., 1990) . The failure of SLCs associated with blood vessels to produce Leydig cells when cultured in the absence of the seminiferous tubules may be a consequence of the absence of paracrine factors from the tubules that are required to stimulate SLC proliferation and differentiation. In addition to cells associated with seminiferous tubules, cells in the interstitial compartment may also be involved in SLC function. For example, the ALCs themselves may, in some way, suppress SLC proliferation and differentiation. The triggering SLC proliferation and differentiation that results from the experimental loss of ALCs could be a direct response of the SLCs to the loss of suppressive Leydig cell products (e.g. testosterone, estradiol) Zhai et al., 1996) , or an indirect response resulting from changes elicited in other niche-associated cells. For example, the loss of Leydig cells might affect cells in the seminiferous tubules and/or LH secretion by the pituitary, which, in turn, might affect the Leydig cell niche.
Stem Leydig cell quiescence vs. proliferation vs. differentiation
SLCs isolated from the seminiferous tubules and cultured with LH alone failed to differentiate into Leydig cells, suggesting that the seminiferous tubules are required to provide niche factors necessary to regulate the proliferation and/or differentiation of the SLCs (Li et al., 2016) . Microarray analysis of gene expression during the differentiation of neonatal SLCs to PLCs revealed signaling molecules and receptors that were significantly up-or down-regulated (Li et al., 2016) . Also up-or down-regulated were molecules that had been identified in cell and/or animal studies as playing roles in Leydig cell development and/or involved in stem cell function in organs outside the testis. Using cultured seminiferous tubules, we tested the possible effects of factors associated with the tubules on SLC proliferation, differentiation, or both (Li et al., 2016) . This was made possible because in this in vitro system, proliferation occurs during the first week of culture, and differentiation during weeks 2e3. This separation in time made it possible to determine the effects of added factors on one process and/or the other.
As illustrated in Fig. 4 , the proliferation of SLCs was stimulated by DHH, FGF2, PDGFBB, activin and PDGFAA. Suppression of proliferation occurred with TGFb, androgen and PKA signaling. The differentiation of the SLCs into testosterone-producing Leydig cells was regulated positively by DHH (Desert hedgehog), lithiuminduced signaling and activin; and negatively by TGFb, PDGFBB, FGF2, Notch and Wnt signaling. DHH was found to function as a commitment factor, inducing the transition of stem cells to the progenitor stage and thus into the Leydig cell lineage. Interestingly, PDGFBB and FGF2, the two most potent stem Leydig cell proliferation stimulators, inhibited stem Leydig cell differentiation, suggesting that these factors may play roles in controlling the balance between stem and differentiated cells. The factors that affect stem Leydig cell proliferation and differentiation are summarized in Fig. 4 .
The critical role of LH in ALC steroidogenic function is well established. However, it is unlikely that LH alone could commit stem Leydig cells to the differentiation pathway because the stem cells do not express the LH receptor. We found SAG, which stimulates DHH, and lithium, to have strong differentiation effects. Consequently, we hypothesized that one or both might play an important role in the early commitment of stem cells, perhaps inducing the expression of the LH receptor. When tubules were cultured without LH for 3 weeks, no Leydig cells were formed. Similarly, lithium was not able to induce stem cell differentiation in the absence of LH. However, when tubules were incubated with DHH agonist in the absence of LH from weeks 2e3, differentiation of the stem cells into testosterone-producing cells occurred. These results suggest that DHH may be the critical commitment factor that triggers the transition of SLCs into PLCs and thus into a differentiation pathway. The expression of LH receptors by the progenitor cells makes these cells responsive to LH signaling, which is essential for the further maturation of the cells and thus testosterone production. As yet, the molecular mechanisms by which these factors act remain uncertain. Based on the results obtain from the in vitro system that we developed, and results published by others, we hypothesize that there are positive (stimulatory) and negative (inhibitory) factors that function to regulate SLCs. Normally, the balance leads to inhibition such that the SLCs remain quiescent in the adult testis. But upon loss of ALCs, the balance shifts to the stimulatory side, with increase in positive factors and/ or decrease in negative factors, resulting in SLCs gaining the ability to proliferate.
Summary
Leydig cells are the testosterone-producing cells of the testis. In the rat, the ALC population develops from SLCs in the interstitial compartment of the neonatal testis. Four developmental stages have been identified in the development of ALCs, including transitions from SLCs to PLCs, PLCs to ILCs, and ILCs to ALCs. SLCs also are present in the adult testis, in peritubular and perivascular locations. The SLCs, which normally are quiescent, are capable of regenerating new Leydig cells upon the loss of the adult cells. The regeneration process is very similar to the development of ALCs during the pubertal period. Despite the complexity of the adult testis, progress has been made in identifying SLCs, the SLC niche, and factors that initiate SLC proliferation and differentiation. Several proteins have been identified as expressed by SLCs, including nestin, PDGFRa, COUP-TFII, CD51 and CD90. Recent studies have indicated that DHH is of particular importance in regulating the commitment of SLCs into the Leydig lineage, able to induce SLC differentiation into LH receptor-expressing and thus LHresponsive steroidogenic cells.
SLCs have been shown to be capable of giving rise to testosterone-producing Leydig cells in vivo, in locations outside testis . This could have clinical implications. Hypogonadism, which is common in aging men, may be linked to a number of metabolic and quality-of-life changes, including decreased lean body mass and bone mineral density, increased visceral fat, decreased libido and sexual function, altered mood, and fatigue (Carruthers, 2009; Lang et al., 2012; Morris and Channer, 2012) . These changes can be partially overcome by exogenous testosterone administration (Katznelson et al., 1996; Wang et al., 1996; Steidle et al., 2003; Page et al., 2005; Seftel et al., 2015) . However, there are reports that administering testosterone may increase the risks of cardiovascular disorders and prostate tumorigenesis (Klotz, 2015; Yeap, 2015) . Thus the availability of therapies that increase serum testosterone levels more physiologically, without the need to administer testosterone, could be of benefit to the many men with primary hypogonadism. It may be possible to elevate serum testosterone levels in individuals, and thus to treat testosterone deficiency, by implanting stem cells at locations outside testis. However, the basic studies discussed above suggest that generating Leydig cells from stem cells outside the testis apparently requires critical seminiferous tubule-derived proliferation/differentiation factors. The nature and the regulation of such potential factors thus have both basic and clinical implications.
